Free and scattered acoustic field predictions of the broadband noise generated by a low-speed axial fan Broadband noise generated by a low-speed industrial axial fan and its scattered field by a benchmark obstacle have been addressed. Amiet's theory on turbulence-interaction noise has been extended in order to predict the acoustic response of a fan in its geometrical near-field. A segmentation technique has been applied for spanwise varying flow conditions. The improved model has been combined with boundary element method (BEM) for acoustic scattering. The validation of the broadband scattering technique has been performed through comparisons with an analytical model considering acoustic scattering from an infinite plate and with measurements of a low-speed axial fan operating nearby a flat scattering screen. © 2013 Institute of Noise Control Engineering.
Broadband noise generated by a low-speed industrial axial fan and its scattered field by a benchmark obstacle have been addressed. Amiet's theory on turbulence-interaction noise has been extended in order to predict the acoustic response of a fan in its geometrical near-field. A segmentation technique has been applied for spanwise varying flow conditions. The improved model has been combined with boundary element method (BEM) for acoustic scattering. The validation of the broadband scattering technique has been performed through comparisons with an analytical model considering acoustic scattering from an infinite plate and with measurements of a low-speed axial fan operating nearby a flat scattering screen. © 2013 Institute of Noise Control Engineering.
Primary subject classification: 11.4.1; Secondary subject classification: 75. 3 1 NOMENCULATURE
compressibility factor c chord length of the airfoil c 0 speed of sound d semi-span length of the airfoil g airfoil pressure distribution for a sinusoidal gust kc acoustic wavenumber normalized by the chord k y spanwise acoustic wavenumber p acoustic pressure at the observer r 0 density of the medium s t propagation distance s far-field approximation for the propagation distance s ϰ spanwise geometrical near-field approximation for the propagation distance t time v n incident acoustic normal velocity on the solid surface o radian frequency x, y, z acoustic element positions with respect to the airfoil center 
INTRODUCTION
The aerodynamic noise generated by low-speed fans is a concern in many industrial applications in terms of comfort and regulations. In the energy sector the noise emitted from wind turbine blades may be inconvenient for the inhabitants. In the transportation industry, the noise generated by cooling fans may result in annoyance for passengers.
The aeroacoustic response of fans is investigated in tonal and broadband branches. The former is due to periodic forces acting on blades. It appears at discrete frequencies such as the blade passing frequency (BPF) and its higher harmonics [1] [2] [3] . The latter results from random force fluctuations acting on blades, due to turbulence-interaction or development of turbulent boundary layer (TBL) on the blade surface 4 for example. If a fan is operating in a low-turbulent flowfield, development of TBL and its interaction with the trailing edge results in broadband self-noise. Several works have been performed in order to predict the self-noise analytically and experimentally [5] [6] [7] . Furthermore, if the impinging flow is highly disturbed, the turbulence-interaction noise becomes dominant 8, 9 . Due to installation effects, the source of the broadband noise generated by an axial cooling fan located in the automotive engine mostly results from the interaction between the fan and incoming turbulent flow. This paper deals with prediction of broadband noise generated by interaction of fan blades with turbulent flow.
In order to predict the acoustic response of a stationary airfoil located in a turbulent stream a theory has been proposed by Amiet 10 . Accounting for rotational effects, this model was extended by Paterson and Amiet and applied for prediction of the noise emitted by a helicopter rotor 8 . One of the main assumptions made in Amiet's formulation is consideration of an observer located in acoustic and geometrical far-field; hence an analytical solution can be obtained. In this paper, an intermediate level of correction is taken into account considering observers located in geometrical near-field with respect to the spanwise extent of the airfoil 11 . Another hypothesis involved in the derivation of the theory is the assumption of homogeneous turbulent flow-field impinging onto the linearized airfoil. Statistically homogenous turbulent models, such as von Karman or Liepmann, can be used in order to model the incoming turbulence spectrum in such cases. However, fan blades are usually subjected to spanwise varying incoming turbulent flow conditions due to the rotation and installation effects. The blade is then divided into short strips in the spanwise direction and each strip could then be considered in homogeneous turbulence [11] [12] [13] [14] [15] . But this approach can neglect the effect of the large hydrodynamic wavelengths impinging onto the short strips. In this paper an alternative segmentation method considering the effect of the large wavelengths is employed 14 . Another key point addressed in this paper is the scattering of broadband noise generated by low-speed fans. Acoustic free-field propagation can be assumed for the certification of wind turbines, however for an automotive cooling fan, acoustic scattering by surrounding surfaces of the cooling unit has to be considered. In order to calculate the sound propagation and scattering by surrounding surfaces, several theories have been proposed such as Helmholtz solvers, based on the finite element method (FEM) or boundary element method (BEM) 16 , and more sophisticated methods based on the resolution of Linearized Euler Equations which are already in use in industry 17 . A common denominator of these techniques is the requirement of the deterministic definition of the source field. However, due to the statistical description of turbulence, the phase information in the source term is lacked. A formulation based on the auto-and cross-power spectra of the acoustic field, calculated through the extension of Amiet's theory combined with a BEM concept is therefore employed 12, 18 . Figure 1 shows the flowchart of the fan noise simulation employed. This approach is applied to compute the scattered field of the broadband noise generated by a low-speed axial fan operating nearby a benchmark flat scattering screen 19 .
GENERALIZATION OF AMIET'S THEORY
Acoustic response of an airfoil placed in a turbulent stream consists of radiation of chordwise and spanwise distributed point dipoles on the airfoil surface which is assumed to be with zero thickness, camber and angle of attack. The acoustic far-field pressure generated by a point dipole is given by Curle 2, 20 as
neglecting acoustic near-field terms. The propagation distance s t accounting convection effects is defined as
. (x, y, z) are the coordinates of the observer with respect to an origin located at the center of the airfoil surface as shown in 
is the compressibility factor. The source strength of the wall-normal dipole, Fe iot is obtained from the distribution of the lift across the airfoil swept by a skewed sinusoidal gust.
Integrating Eqn. (1) explicitly over the airfoil surface of span 2d and chord c for both chordwise and 
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is the response function linking the incoming gust to the lift on the surface. Only one chordwise wavenumber emerges in the Fourier domain, K x = o/U. The superscripts ′ and * represent the second integral variable and the complex conjugate operator, respectively. Φ ww is the power spectrum of the incident upwash velocity component. This formulation is valid for any observer position but in acoustic far-field of the airfoil. One of the hypotheses in the final formulation of Amiet's theory for turbulence-interaction noise is that considering an observer located in geometrical far-field, such that Eqn. (2) is simplified to
The sound power spectral density (PSD) at the far-field can then be expressed as
where K y = oy/c 0 s. L is the aeroacoustic transfer function given, e.g. by Paterson and Amiet 8 and extended by Graham 21 . However, in many industrial applications, scattering of the sound emitted by fan blades for example, acoustic quantities used for scattering computation have to be obtained at a short distance from the considered blade. The first key aspect of the present paper is generalization of Amiet's theory 10 for a listener at a distance from the blade which can become similar to its span-length, defined as the spanwise geometrical near-field 11 .
Spanwise Geometrical Near-Field Correction
For large-span airfoils and for source-observer distances similar to the spanwise extent, assuming that (x À x 0 ) 2~x2 can be reasonable, whereas (y À y 0 ) 2ỹ 2 may consist in a gross approximation. An intermediate level of approximation for low-Mach number flows is therefore introduced as
Considering this approximation, the PSD of the airfoil in its spanwise geometrical near-field reads
The new solution differs from the classical solution of Amiet, Eqn. 
First, a test is performed in order to compare the results provided by the far-field formulation, Eqn. (5) the spanwise near-field expression, in Eqn. (7), and a direct numerical integration of Eqn. (3) using a Monte Carlo . Figure 3 shows the PSD of a stationary airfoil subjected to homogeneous turbulence properties, at various distances z on the line (x, y) = (0, 0) at a fixed frequency, kc = 1.2. A von Karman model is selected for the turbulent energy spectrum with an incoming velocity U = 30 m/s, a turbulence intensity T.I. = 0.05, and a turbulent length scale Λ = 0.009 m 23 . The airfoil chord is fixed to c = 0.13 m, and a large-aspect ratio airfoil is assumed by using a span 2d = 40c (see Ref. 11) . Dots, plain and dash-dots represent Eqns. (3), (5) and (7), respectively. All formulations converge asymptotically at z > 2d, addressing the limit of application of the geometrical far-field formulation, in Eqn. (5) where z = 2d corresponds to the size of the spanwise extent of the airfoil. The spanwise near-field Eqn. (7) shows a good agreement with the general formulation in Eqn. (3) up to z < 0.08d and highly improves the solution compared to the far-field solution, in Eqn. (5) of Amiet's. The deviation at z < 0.08d can be addressed as the chordwise geometrical near-field effects.
Experiments have been conducted for comparison of the measured acoustic PSD with the broadband noise predictions in free-field. A thin (relative thickness less than 3%) and slightly cambered optimized airfoil is mounted downstream of a wind tunnel in the anechoic chamber of the École Centrale de Lyon as seen in Fig. 4 
is between 16.5 dBA to 138 dB. The isolated airfoil has 2.3c span with c = 0.13 m. The jet nozzle is rectangular with an outlet size 2.3c Â 1.2c. The airfoil is placed at zero angle of attack with its leading edge. The jet exhaust Mach number is M = 0.09. In order to create isotropic and homogeneous turbulence impinging to the leading edge of the airfoil, a square grid is placed upstream of the nozzle. The turbulence generated by the grid-nozzle mock-up at the impingement line includes a turbulence rate of 5% and an integral length scale Λ of 0.009 m as used in the numerical comparison above 23 . A von Karman model is again selected for the turbulent energy spectrum. Figure 5 shows the comparison of the acoustic field emitted by the airfoil for observer positions at 10/3 and 4/3d away from the airfoil on the mid-plane. The measurements, Eqn. (5) and Eqn. (7) are represented as black plain, dashed and red plain, respectively. A very good agreement is obtained between the measurements and the semi-analytical solutions at the frequency range of 500 À 10000 Hz where the differences between two spectra are less than 5 dB. A possible explanation of the discrepancies between the predictions and the measurements at low frequencies might be related to the defects in the flow-field measurements. Additionally, the general formulation, in Eqn. (3), neglects the acoustic near-field effects, which may contribute to the sound field at the lowest frequencies. However, the humps and dips in the spectral shape due to the non-compactness of the airfoil are well captured at higher frequencies. As seen in the figure (left), the solutions in Eqns. (5) and (7) converge at the farfield. However, for the observer located in the spanwise geometrical near-field of the airfoil (z/d = 4/3 here), the solution (7) provides a better agreement with the measurements at higher frequencies compared to that of Eqn. (5), where the improvement between two solution is around 2 dB. Since Eqn. (7) is attractive for geometrical near-field computations due to its accuracy and robustness for listener positions further than the airfoil chord, it will then be used in the following sections involving rotation and scattered-field computations. Additionally, the theory proposed by Amiet is based on the assumption of uniform and homogenous turbulent stream impinging to the airfoil. However, the incoming flow is not uniform in most of the industrial applications; such the impinging velocity onto blades varies proportionally with the radius due to rotation. One approach proposed in order to take the spanwise varying incoming flow conditions into account is splitting the airfoil into small strips assuming the flow impinging onto each strip is uniform and homogenous. The total PSD of the airfoil is then obtained through a summation of PSD of each individual strip -named as classical strip method 8, 11 . However, small strips are not able to capture large spanwise hydrodynamic wavelengths. The total PSD therefore underpredicts the acoustic field at lower frequencies. Hence, the segmentation following the inverse strip method proposed by Christophe et al. 24 is employed. The PSD of each small strip is now computed with a subtraction of the PSD of a truncated airfoil from the one of the initial large aspect ratio airfoil. The difference of the span-lengths is equal to the span-length of the particular strip. Both airfoils are assumed to be in homogeneous stream. The subtraction therefore leads to the inclusion of the effects of large hydrodynamic wavelengths.
Implementation of Rotation
The theory of turbulence-interaction noise for a stationary airfoil 10 has been extended for low speed rotor blades 8 . The stationary airfoil model has been applied to each blade strip where the circular motion is replaced by locally tangential translation motion which is only acceptable at sound frequencies much higher than the rotational frequency, o ≫ Ω. For both free and scattered-field computations, the observer and acoustic mesh position is defined in the fixed reference frame with respect to the rotation plane and the rotation axis. As mentioned in the isolated airfoil theory above it is required to define the origin in a fixed reference frame with respect to the blade strip in order to predict the acoustic response of the strip using Eqn. (7) . A coordinate transformation is therefore performed considering the geometry of the blade, including sweep, pitch and twist angles 19, 25 . The impinging velocity onto the blade strip is then the vector summation of the tangential velocity, U = Ωr, and the axial velocity concerning the pitch angle of the blade strip 25 . Due to the relative motion between the source and the observer, the emitted frequency from the blade strip and the observed frequency are not equal. The ratio of the frequencies is linked by the Doppler factor 8 . However, for a low-speed axial fan, the Doppler effect was shown to be negligible and the observed frequency converges to the emitted frequency 26 . In the present work the maximum Mach number is less than 0.15, hence Doppler effect becomes negligible. Assuming the same gust has not been cut by succeeding blades 8 , the freefield PSD of a low Mach number axial fan with B blades is computed with the integration on the azimuthal positions 19 of the blade ψ as, 
Broadband Scattering
The configurations described below involve lowMach number axial fans placed in a turbulent field and in presence of scattering surfaces. In the present scattered-field approach, the acoustic pressure field is first decomposed into incident and scattered components: p = p i + p s . On one hand, the free-field response of the fan p i can be obtained from the approaches described above. On the other hand, the scattering problem is solved by means of BEM formulation 27 . The broadband noise model used is based on a statistical description of the source field. The deterministic BEM problem is therefore re-formulated employing the acoustic transfer vector (ATV) concept 11, 12, 16, 18 . ATVs link the scattered acoustic pressure at a listener point to the wall-normal component of the incident acoustic velocity of the boundary elements on the scattering surface
Normal velocities {v n (o)} correspond to opposite of the projection of the incident velocity field, so that the summation of the scattered and incident fields satisfies the rigid Neumann boundary condition on the scattering surface 27 . The incident velocity {v i (o)} can be computed by the gradient of the incident pressure obtained via Eqn. (1) . The same acoustic far-field assumption therefore applies to the position of the scattering surface, as for the listener position. The total acoustic PSD finally reads 11, 12, 19 
where Spp i is the incident acoustic PSD at the listener points in free-field. Spv and Svp are the cross-power spectra of the velocity evaluated over the acoustic mesh and acoustic pressure at the listener points. Finally Svv is the auto-and cross-power spectrum of the velocities over the acoustic mesh. The superscripts * and T stand for the complex conjugate and transpose operators, respectively. ATV(o) is finally a matrix composed for each listener point and acoustic elements computed with LMS software Virtual Lab. and Sysnoise 16 .
VALIDATION
The scattered-field approach described above is implemented in both analytical and experimental validation cases. The former assumes a model case where the fan is located parallel to a finite scattering plate in absence of an upstream flow. The latter compares the computed acoustic spectra with the measurements performed in an anechoic chamber.
Image Method
A theoretical comparison is performed considering a low-speed axial fan with 4 blades 19 . The rotational speed of the fan is selected as, Ω = 3000 rpm. The hub and tip Mach numbers are equal to 0.08 and 0.15, respectively. The blade is split into 4 spanwise strips and all strips are linearized. The chord-lengths of the strips are fixed along their span. Turbulent parameters, such as the turbulence intensity and the turbulent length scales are assumed not varying in the spanwise direction and selected as 20% and 0.005 m, respectively 19 . For the test case, spanwise variation of the incoming flow is only taken into account in the impinging velocity which is a function of the rotational speed, radius and pitch angle of the blade strip 25 . A low-speed axial fan operating across a flat screen which is parallel to the rotation plane is considered. Since the turbulence-interaction noise prediction is based on dipole distribution on the blades, the parallel placement of the fan and screen maximizes the effects of the scattered acoustic field. A 1 m Â 1 m screen is used in the comparisons. The observer is located on the rotation axis at 0.2 m above the fan 19 . The screen is mounted 0.2 m away, parallel to the rotation plane but on the other side of the fan with respect to the observer as seen in Fig. 6 .
Scattering by the flat screen is calculated with two different models: first with the image method and second, with the ATV method described above. The former assumes the flat screen is infinite and is replaced with a phase shifted image fan symmetrical to the screen. However, this case is ideal and neglects the effects of the sound waves scattered by the free edges of the finite screen. Furthermore, the latter takes the finite extent of the screen into account and it can be used with arbitrary geometries since it is based on BEM formulation. Figure 7 shows the difference between the total and incident field spectra in terms of dBs. Both the image (plain) and ATV (symbols) methods converge above 800 Hz showing the accuracy of the implementation. The ATV model captures one additional deep at lower frequencies, which can be addressed as the scattering of the large wavelengths by the free edges of the obstacle 11 .
Experimental Validation
A set of experiments is performed in the anechoic chamber at École Centrale de Lyon 19 . A low-speed axial fan running next to a flat plate is investigated shown in Fig. 8 (left) . The rotor has 3 uniformly distributed blades and it rotates at 1200 rpm. The blade passing frequency (BPF) is then equal to 60 Hz. The tip Mach number is around 0.08 satisfying the low-speed fan assumption. Since the theory described above is related to turbulence-interaction noise, the rotor is operated in presence of an upstream turbulent flow. This is achieved by running the rotor at the outlet of a nozzle where the flow is disturbed by an upstream square grid. The rotation plane is located 3 radii downstream of the nozzle outlet. The jet exhaust velocity is fixed to 15 m/s. The measurements are taken at 3 radii away from the rotation center and 2.5 radii away from the rotation axis in order to avoid the pseudo sound 19 . The sampling frequency is 2 Hz 15 and the measurements have been averaged over 3 signal segments.
Figure 8 (right) shows the acoustic spectra of the rotor in free-field with (red) and without (black) presence of incoming turbulent flow. The tonal component of the fan is dominant in the entire spectrum in absence of turbulence. However, in presence of the upstream turbulent flow, the broadband component becomes dominant. Since the difference between the both spectra is highly significant, the sound emitted by the fan Fig. 7 -Difference between the total and freefield spectra for the benchmark axial fan. Image method (solid) and ATV model (symbols). Observer is located at 0.2 m away on the rotation axis; plate is located parallel to the rotation plane, at 0.2 m away from the rotation center.
Microphone Scattering screen can be considered as turbulence-interaction noise. Hence the model described above can be employed. In order to obtain the description of the source-field, the turbulent-flow field on the rotation plane is measured using a hot-wire anemometer 19 . The measurements are taken on a line starting from the center of the jet axis till the tip radius of the fan. Once the turbulent spectrum is measured at a given location, the turbulent length scale is then obtained by fitting the von Karman model to the measured one using the measured flow parameters 23 . Figure 9 (top) shows the measured spectra (solid) at the center of the strips and the superimposed von Karman spectra (dotted). The plots are shifted by steps of 10 dB for clarity. The slope of the spectra fits with the À 5/3 power law; hence the turbulent flow can be locally assumed isotropic and homogeneous 28 for the present configuration. All the turbulent flow parameters used are shown in Fig. 9 (bottom) with respect to the radial position of the probe. The mean flow velocity and the turbulent length scales are non-dimensionalized with the jet core velocity and the tip radius of the fan, respectively.
The blade is split into 4 spanwise segments using inverse strip theory and the von Karman model spectrum is selected for the predictions. An illustration of the application of the strip theory is provided in Ref. 19 . Measured and computed free-field spectra of the fan are shown in Fig. 10 (left) . The red line represents the measured one where the line-dots shows the one obtained using the model described above. A very good agreement is observed with the measurements and the numerical model above 400 Hz. The disagreement at the lowest frequencies can be due to additional sound sources since the fan is operating at off-design conditions. Hence, the model described above is shown to be an efficient tool to predict the free-field of an axial fan due to turbulence-interaction and it will be used for the scattered-field computations.
A 1 m Â 1 m plexiglass flat screen is introduced perpendicular to the rotation plane as seen in Fig. 8 
19
. The screen is located at 1.5 radii away from the rotation axis. The selected distance of screen is far enough as not to disturb the incoming flow. Figure 10 (right) shows the difference between the total and incident field spectra. The red line represents the measurements. Symbols stand for the semi-analytical model described above combined with inverse strip theory and ATV approach. The interference fringes due to the scattering screen are well captured above 400 Hz. The difference with the measurements is less than 1 dB at corresponding frequencies. The disagreement at the lowest frequencies may be due to the scattering of the other source mechanisms as mentioned above 19 . Finally, using the inverse strip theory, both total and incident field spectra given in the related Ref. 19 have been improved by around 2 dB below 1 kHz.
CONCLUSIONS
Broadband noise emitted by low-speed axial fans due to turbulence-interaction is an important issue for industrial applications. Amiet's theory has been used by several authors in order to deal with this problem for configurations in free-field. The present paper considers industrial fan problems where the reflection and scattering by surrounding surfaces are significant.
The theory based on far-field assumption is first extended in order to take the geometrical near-field effects into account. Further, the spanwise-varying incoming flow field is considered with inverse strips theory. A Fig. 9 -Turbulence spectra at the strip centers on the rotation plane (top) measured (solid) and fitted von Karman model (dots) and corresponding flow profile (bottom) normalized velocity (solid), turbulent intensity (dash-dots) and modeled turbulent length scale 19 .
good agreement is obtained in the acoustic free-field predictions using an industrial low-speed axial cooling fan operating in a turbulent stream and measurements performed in an anechoic chamber. A method based on ATV approach is employed in order to compute the scattered broadband noise of a fan. It is first validated against an analytical model. A very good agreement is observed in the model comparisons. Finally the scattered-field prediction of the low-speed industrial axial fan is compared with the measurements performed in an anechoic room using a benchmark scattering screen. A good agreement is observed in comparison with experimental data. The interference fringes due to the scattering are well captured using the ATV approach at the frequencies of interest.
The analytical model proposed is limited with low Mach number fan noise applications. However, the model combined with ATV method is found to be a useful tool for realistic scattering problems of broadband fan noise including arbitrary geometries.
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